The EGF receptor can bind seven different agonist ligands.
The EGF receptor is an intrinsic membrane protein composed of an extracellular ligand-binding domain connected to an intracellular tyrosine kinase domain by a single transmembrane ␣-helix. In the absence of ligand, the EGF receptor is thought to exist as a monomer, although inactive "pre-dimers" are known to form (1) (2) (3) (4) (5) . Upon binding an agonist ligand, the EGF receptor dimerizes leading to the activation of its tyrosine kinase and the phosphorylation of tyrosine residues in the C-terminal tail of the receptor (6 -8) .
The phosphorylated tyrosines on the EGF receptor serve as binding sites for a large number of signaling proteins that contain SH2 and/or phosphotyrosine-binding domains (9, 10) . Some of these proteins, such as Cbl, possess an enzymatic activity (11) . Others, such as Grb2 or Shc, serve as adapter proteins that bring other proteins into the EGF receptor-containing complex. For example, Grb2 recruits the scaffolding protein, Gab1, to the EGF receptor (12) . Phosphorylation of Gab1 by the EGF receptor allows Gab1 to recruit additional proteins, such as Shp2 or PI3K-R1, to the signaling complex (13) (14) (15) (16) . The recruitment of these signaling proteins to the receptor ultimately triggers the activation of a variety of downstream signaling pathways, thereby mediating the intracellular effects of growth factor binding.
The EGF receptor binds seven different agonist ligands, including some of high affinity (EGF, TGF␣, BTC, 6 and HB-EGF) and some of low affinity (AREG, EPG, and EPR) (17) . It has been reported that different EGF receptor ligands induce different responses when binding to the same cell line (18 -21) . Given that these agonists bind to the same receptor and stimulate similar downstream signaling molecules, it is difficult to explain how these divergent responses are achieved.
We have previously used a luciferase fragment complementation system to assess the ability of EGF to induce dimerization of the EGF receptor (22) (23) (24) . In this study, we use our luciferase fragment complementation assay to visualize the recruitment of a variety of signaling proteins to the EGF receptor. The fine temporal resolution and quantitative nature of the split luciferase complementation system allowed us to continuously monitor the association of Cbl, CrkL, Gab1, Grb2, PI3K-R1, p52 Shc, p66 Shc, and Shp2 with the EGF receptor in response to increasing concentrations of all seven different EGF receptor ligands. Principal component analysis was applied to this large dataset to determine how the response to these growth factors differed. The data demonstrate that each growth factor produces a unique signature for the recruitment of signaling proteins, and this signature differs at different doses of the same growth factor. This suggests that each growth factor utilizes the signaling network differently, preferentially promoting flux through some pathways over others, which could readily lead to a different net biological outcome.
Experimental Procedures
Materials-EGF was purchased from Biomedical Technologies. TGF␣ and amphiregulin were from Leinco. Betacellulin was from ProSpec. Heparin-binding EGF was from Sigma. Epigen and epiregulin were synthesized and purified in the laboratory of Dr. Mark Lemmon (University of Pennsylvania). Fetal-Plex was from Gemini Bioproducts. The anti-EGF receptor antibody was from Cell Signaling. The PY20 anti-phosphotyrosine antibody was from BD Transduction Laboratories.
DNA Constructs-Full-length cDNA constructs for the signaling proteins were obtained from Addgene (CrkL PI3K-R1 and Shp2), Source Bioscience (Gab1), Thermo Fisher (p52 Shc, p66 Shc, and Grb2), or Sino Biologicals (c-Cbl). The stop codon in each was removed, and an in-frame BsiWI site was inserted through site-directed mutagenesis. The cDNAs were cut with BsiWI and fused to the C-terminal fragment of luciferase (CLuc). The construct was moved into the pcDNA3.1 Zeo expression vector where expression of the fusion protein is driven off the constitutive CMV promoter.
Cell Lines-CHO cells stably expressing the tetracycline-inducible EGF receptor C-terminally fused to the N-terminal fragment of firefly luciferase (EGFR-NLuc) (24) were used as the starting parental line. These cells were transfected with the pcDNA3.1 Zeo plasmids encoding the CLuc fusion of each of the eight signaling proteins. Eight (double) stable cell lines were selected by growth in 5 mg/ml Zeocin. Quantitation of EGF receptor expression in each line by 125 I-EGF saturation binding indicated that the number of cell surface EGF receptors expressed in each line is within Ϯ20% of the average level of receptor expression (data not shown). Cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FetalPlex, 100 g/ml G418, 100 g/ml hygromycin, and 100 g/ml Zeocin and maintained in an incubator at 37°C in 5% CO 2 .
Luciferase Assays-Double stable CHO cells were plated into 96-well black-walled dishes 2 days prior to use in medium containing 1.5 g/ml doxycycline to induce expression of the EGFR-NLuc fusion protein. For assay, cells were transferred into Dulbecco's phosphate-buffered saline supplemented with 5 mg/ml BSA and 20 mM MOPS, pH 7.2. Cells were incubated with 0.9 mg/ml D-luciferin for 30 min at 37°C prior to the addition of growth factor and the start of imaging. Cell radiance (photons/s/cm 2 /steradian) was measured every 30 s for 25 min using a cooled charge-coupled device camera in the IVIS50 or IVIS Lumina imaging system. Assays were performed in hextuplicate. The lines through the data were drawn using Equation 1, which represents the sum of a logistics association equation and an exponential dissociation equation.
where Y ϭ photons/s at time (t). k 1 represents the association rate constant, and k 2 is the dissociation rate constant. This curve drawing was not part of the principal component analysis and was used only for visual presentation of the dose-response curves.
Western Blotting-CHO cells expressing the wild type EGF receptor were treated without or with 5 M erlotinib or 10 M lapatinib for 1 h and then stimulated with the indicated concentrations of EGF for 5 min. Lysates were prepared, and Western blotting with anti-EGF receptor and anti-phosphotyrosine antibodies were performed as described previously (23) .
PCA and Enrichment Analysis-Computational analysis was performed using the Python programming language. PCA utilized the scikit-learn package (25) . PCA was performed on a 280 ϫ 44 matrix, with 280 unique combinations of protein, growth factor, and dose, each with 44 time points, normalized to the maximal response elicited for that agonist/protein pair. For PCA, a subset of five (out of seven) doses was chosen for each growth factor to bracket the EC 50 value for the recruited signaling proteins as follows: for BTC and EGF, the doses ranged from 0.03 to 3 nM; for TGF, the doses ranged from 0.1 to 10 nM; for HB-EGF, the doses ranged from 0.3 to 30 nM; and for AREG, EPG, and EPR, the doses ranged from 3 to 300 nM. References to "low" doses of growth factor (as used in Figs. 4 and 7) represent the second dose in the five-dose series, and references to "high" doses (as used for Fig. 7 ) represent the fourth dose in the five-dose series. Distances between protein pairs were calculated using Euclidean distance between the five-dimensional vector across doses in PC space. Top-and bottom-quartile enrichment was calculated using the hypergeometric test and Bonferroni-corrected.
For clustering of the growth factors based on protein recruitment across all doses, pairwise protein distances for each ligand were converted to a one-dimensional vector. The vectors for each ligand were then clustered using hierarchical clustering. An ensemble of 35 clustering results was generated by varying linkages (single, complete, average, and weighted) and distance metrics (Euclidean, Pearson correlation, city block, cosine, Bray-Curtis, Canberra, Chebyshev, and square Euclidean). The Euclidean metric was also used with median, centroid, and Ward linkage. The results for each ligand were assembled into a matrix and hierarchically clustered using single linkage and Euclidean distance. p66 Shc was not included in this analysis so as not to over-weight the results toward the contribution of Shc isoforms.
Results
Generation and Characterization of Stable Cell Lines-The split luciferase complementation assay utilizes an N-terminal (NLuc) and C-terminal (CLuc) fragment of firefly luciferase (26) . Individually, the fragments have no enzymatic activity. However, when they are brought into proximity, they comple-ment each other forming a catalytically active luciferase that produces light upon oxidation of luciferin. For our luciferase complementation assays, each of eight signaling proteins (Cbl, CrkL, Gab1, Grb2, PI3K-R1, p52 Shc, p66 Shc, and Shp2) was C-terminally fused to the CLuc fragment via a 16-amino acid flexible linker. The cDNA for the fusion protein was then transfected into a CHO cell line that stably expressed the EGF receptor C-terminally fused to the NLuc fragment (EGFR-NLuc) off a tetracycline-inducible promoter. Double stable cell lines were selected for use in these experiments. For assay, the CHO cells were cultured for 24 h in 1.5 g/ml doxycycline to induce expression of the EGFR-NLuc fusion protein. The signaling proteins were constitutively expressed from a CMV promoter.
Luciferase Complementation between the EGF Receptor and Signaling Proteins-All eight signaling proteins yielded an EGFstimulated increase in luciferase activity when co-expressed in cells with EGFR-NLuc ( Fig. 1 ). EGF-stimulated complementation between the EGF receptor and these signaling proteins was seen as early as 30 s after the addition of EGF. At low concentrations of EGF, essentially all of the pairings exhibited a rapid rise in luciferase activity, which peaked by ϳ5-8 min. For some pairings, such as the EGF receptor and PI3K-R1 ( Fig. 1E ), this level of complementation was maintained over the entire time course at all doses. In other pairings, such as Cbl ( Fig. 1A) or CrkL ( Fig. 1B) , complementation plateaued at low concentrations of growth factor but declined after an early peak at high concentrations of EGF. Still other proteins demonstrated a bimodal response across doses. For example, for Grb2 ( Fig. 1D ) and Shp2 (Fig. 1H ), the maximum complementation occurred at a relatively low dose of EGF, with higher doses of growth factor resulting in lower peak responses and a marked decrease at longer times.
In the EGF receptor/Shp2 pairing ( Fig. 1H) , the luciferase activity observed at the highest concentrations of EGF actually fell below the basal level after about 15 min. These data imply that Shp2 associates with the EGF receptor under non-stimulated conditions. This association is apparently disrupted upon stimulation with high doses of growth factor.
If these signaling proteins are being recruited to the EGF receptor via phosphotyrosine-dependent interactions, then the associations visualized through luciferase complementation should be sensitive to inhibition of the EGF receptor tyrosine kinase. As shown in Fig. 2 , A-H, treatment of cells with 5 M erlotinib (green lines) effectively inhibited EGF-stimulated complementation between the EGF receptor and each of these eight signaling proteins. Inhibition was essentially complete for all pairings with the exception of p52 Shc and p66 Shc, for which the inhibition was ϳ70%. The complementation between the EGF receptor and Shp2 actually showed an EGFstimulated decline in luciferase activity, again consistent with there being a basal level of association between the two proteins, which is disrupted after ligand binding.
Despite the fact that lapatinib appeared to inhibit EGF receptor autophosphorylation to the same extent as erlotinib ( Fig.  2I) , pretreatment of the cells with 10 M lapatinib (red lines) was far less effective than pretreatment with erlotinib at blocking the association of these signaling proteins with the EGF receptor. Although lapatinib was able to completely block com-plementation between the EGF receptor and Cbl, CrkL, and Shp2, the other five signaling proteins all showed at least 20% residual EGF-stimulated luciferase activity in the presence of lapatinib. The association of Gab1 was particularly insensitive to lapatinib treatment. Thus, there is a significant difference between erlotinib and lapatinib in terms of their efficacy for inhibiting EGF-stimulated signaling complex assembly.
Recruitment Stimulated by Other EGF Receptor Ligands-The EGF receptor is activated by a family of homologous growth factors, including EGF TGF␣, BTC, HB-EGF, AREG, EPG, and EPR (17) . To quantify the similarities and differences in the response of cells to stimulation by each of these ligands, the luciferase complementation assay was used to monitor the recruitment of the eight different signaling proteins to the EGF receptor in response to each of these agonist ligands.
Supplemental Figs. 1-6 show the time courses of the recruitment of these eight signaling proteins to the EGF receptor in response to increasing doses of each of these additional six growth factors. Like EGF, all of these growth factors stimulated the recruitment of all eight signaling proteins in a dose-dependent manner. However, the patterns of the dose response curves for all seven growth factors for each individual pairing were similar. For example, for all growth factors, PI3K-R1 recruitment plateaued early, and the level of signal was maintained over the entire time course. Similarly, the bimodal response for the recruitment of Grb2 and Shp2 was observed for all growth factors. Table 1 reports the estimated EC 50 values for each ligand stimulating the recruitment of each protein. As expected from their low binding affinities, AREG, EPG, and EPR required ϳ30 -100-fold greater concentrations of ligand to stimulate a maximal response than did EGF, TGF␣, BTC, or HB-EGF. Surprisingly, the EC 50 values for a given growth factor for stimulating the recruitment of the different signaling proteins differed up to 18-fold. Fig. 3 compares the extent of recruitment of the eight signaling proteins in response to an optimal concentration of each of the seven growth factors. The concentrations compared were those that gave the maximal peak response for that particular pairing ( Fig. 1 and supplemental Figs. [1] [2] [3] [4] [5] [6] . For most of the pairs, all seven ligands stimulated a similar maximal response. However, HB-EGF routinely elicited a slightly lower response than the other growth factors. The greatest difference in response was observed for the recruitment of Grb2 for which the response to EPG and EPR was ϳ30% higher than that to EGF, while the response to HB-EGF was ϳ30% lower than that to EGF. Consequently, there was nearly a 2-fold difference in the relative extent of Grb2 recruitment between the high of EPG/EPR and the low of HB-EGF. Fig. 4 compares the ability of a fixed (comparable) low dose of each growth factor to stimulate the recruitment of all eight signaling proteins. The responses have been normalized to the maximal response observed for that EGFR/protein pair at the optimal dose of that growth factor. For all growth factors, Grb2 appears to have the fastest relative response time. Cbl and CrkL most frequently have the slowest relative response time. The recruitment of PI3K-R1 shows the most variability being similar to Cbl and CrkL for the low affinity ligands but closer to FIGURE 1. EGF-stimulated association of eight signaling proteins with the EGF receptor measured using luciferase fragment complementation imaging. CHO cells stably co-expressing EGFR-NLuc and the CLuc-fused version of one of eight signaling proteins were assayed for EGF-stimulated light production in the presence of luciferin. Cells were stimulated with the indicated concentration of EGF at time t ϭ 0, and light production was monitored for 25 min.
Grb2 and Gab1 for the high affinity ligands. Interestingly, the recruitment of p52 Shc and p66 Shc differs noticeably from each other. In many cases, p52 Shc shows a shorter relative response time than p66 Shc, often significantly shorter, as for AREG and HB-EGF. However, this order is reversed for BTC where p66 Shc is recruited more rapidly than p52 Shc. Thus, at the earliest times of signal transduction, differences in response to the different the growth factors can be identified and would contribute to a different biological outcome.
Global Behaviors Observed via Reduced Dimensionality-The foregoing data represent an extremely rich set of measurements of the recruitment of eight different signaling proteins by Table compares the EC 50 values for each growth factor for stimulating the recruitment of the eight signaling proteins. These values were estimated based on the response to each dose of growth factor at t ϭ 2.5 min. This largely eliminates the effects of the declines in signal at longer times and means that these values reflect mainly the initial association of the two proteins. The EC 50 values differed for the recruitment of different proteins by the same growth factor. So, for example, EGF exhibited an EC 50 of ϳ0.03 nM for recruiting Grb2 and PI3K-R1 but an EC 50 about 10-fold higher for recruiting Cbl. EPG exhibited the widest range of EC 50 values (ϳ18-fold difference), whereas HB-EGF showed the smallest range of EC 50 values (ϳ3-fold). the EGF receptor. Within this dataset, discovering relationships among the proteins and growth factors is difficult due to the high dimensionality of the problem. To reduce the dimensionality of the dataset, while keeping the relationships within the data intact, we used PCA. For this analysis, a fixed subset of five (out of the seven) doses of each growth factor was used (Supplemental Table 1 ). The subset of doses was chosen so that we captured a comparable range of response above and below the EC 50 values for each of the different growth factors. As a result, the doses that were not included in the analysis were either the very lowest concentrations that elicited a weak or no response or the very highest concentrations that were super-saturating. This approach allows us to compare the behavior of the same dose of a single growth factor across all eight signaling proteins and to compare the behavior of a single signaling protein at comparable concentrations across the different growth factors.
EC
We could account for 97.0% of the co-variation within the entire dataset by projecting the original data into the first two dimensions of the principal component space. Principal component 1 (PC1) captures 87.6% of the variance, whereas PC2 captures 9.4% of the variance. As a result, each time series for one growth factor dose and signaling protein response can be plotted as a single point in two-dimensional PC space while retaining almost all of the variation that exists in the original 44 dimensions (i.e. the 44 time points per curve). The loading plots (Fig. 5A) indicate that PC1 represents a positive integration of information across most time points. By contrast, PC2 negatively weights the earliest time points while positively weighting the latter half of the time course.
Based on our observations of the data, we thought the latent dimensions of the principal component analysis might describe physical features of the data, specifically information about the relative maximum signal achieved and the rate at which this signal was achieved. To test this hypothesis, for each proteinligand pair we determined the correlation between the doseresponse vector in PC1 and the magnitude of the peak for each dose in the original normalized data. We also determined the correlation between the PC2 dose-response vector and the time of peak signal for each dose. As shown in Fig. 5B , there is an extremely high correlation between the PC1 value and the relative magnitude of the peak response (mean r ϭ 0.97). Similarly, with the exception of a few outliers in PC2 space, there is a high correlation between the value in PC2 space and the time to peak response in the original data (mean r ϭ 0.76). The high correlation indicates that we can ascribe physical meaning to our principal component axes. Specifically, higher values along PC1 indicate that the signal achieves a higher relative maximum value. Higher values in PC2 space indicate that the signal achieves its maximum value at a later time. Lower values in PC2 space indicate that the signal achieves its maximum value at an earlier time. Fig. 5C shows the entire dataset reduced to the first two dimensions of PCA space. Each point represents a time course for a particular signaling protein at a single dose of a single FIGURE 5 . Dimensionality can be reduced using principal component analysis. A, plot of the loadings of the first two principal components, which accounts for 97.0% of the covariance in the dataset (PC1 accounts for 87.6%; PC2 accounts for 9.4%). B, correlation of PC1 with maximum peak magnitude and PC2 with peak time was calculated across five doses for each protein-growth factor pair using Pearson correlation. Mean correlation for PC1 with maximum peak magnitude was 0.97, whereas mean correlation for PC2 with peak time was 0.75. C, dataset is plotted based on projections onto the first two principal components, capturing 97.0% of the variance. Individual points are colored according to the signaling protein measured. growth factor. Points are colored to indicate the signaling protein being recruited to the EGF receptor. Points close together in PCA space represent responses that are similar to each other across the entire time course. The responses of Shp2 and PI3K-R1 are the most separated in both PCs indicating that they are the most different. The remaining points are densely packed in the intermediate region between the extremes of the PI3K-R1 and Shp2 signals.
To identify trends in the data, the measurements were organized into a dose series for each ligand/protein pair. This was visualized by connecting the PCA point representing the curve at the lowest dose of one growth factor to the point representing the curve at the next higher dose of that same growth factor with a directed arrow, continuing on for the five doses of each growth factor (see supplemental Fig. 7 for an example). This approach reveals significant trends in the evolution of signals across the dose range, despite the density initially observed in PC space (Fig. 6) . Overall, the major mode of behavior for a given signaling protein is dominated by the identity of the protein rather than the identity of the growth factor. Therefore, the curves describing the recruitment of the same signaling protein stimulated by any of the seven ligands (Fig. 6A) are more similar to each other than they are to the curves that describe the recruitment of a different signaling protein stimulated by the same growth factor (Fig. 6B ). As is apparent from Fig. 6B , there are differences in how the individual protein responses evolve based on the stimulatory ligand.
Aside from these general observations, each PC shows two contrasting trends in a subset of proteins. First, for Cbl, CrkL, PI3K-RI, p52 Shc, and p66 Shc, there is a monotonic increase in PC1 (relative maximal signal) as the dose of growth factor increases. This is what is expected in a traditional dose-response curve, i.e. the signal increases with increasing dose. By contrast, Gab1, Grb2, and Shp2 show a bimodal response in PC1 space, reflecting an initial increase in response followed by a marked decrease in peak signal at the highest doses of most of the growth factors.
A second trend is that for most of the signals there is a monotonic progression down the PC2 axis. This indicates that the peak response is achieved more rapidly at higher concentrations of growth factor. An exception to this rule is the recruitment of p52 Shc in response to EGF, BTC, and HB-EGF, where there is little change in the time to peak response over the entire dose range tested. Pairwise Interactions-The proteins chosen for this study were selected because they are involved in well documented interactions with the EGF receptor and with each other. Therefore, we would expect that the behaviors of some of these proteins should correlate in PC space. To quantify these relationships, we calculated the distances between interacting protein pairs in PC space for each dose of a single growth factor. Fig. 7 shows heat maps of protein-pair distances for a low dose and a high dose for each growth factor. Two important features are immediately apparent from these heat maps. First, the patterns seen for the low and high doses of the same growth factor are distinctly different. This suggests that the same growth factor utilizes the network differently when applied at different concentrations. Second, the heat maps for each growth factor are very different, suggesting that the different growth factors activate the network in a manner that is specific to that growth factor.
To evaluate the similarity of protein recruitment dynamics across the different growth factors, distances were calculated between protein pairs in PC space across the five doses of each individual growth factor. The complete set of these cumulative distances was then rank-ordered, and both the top and bottom quartiles were probed for statistical enrichment for individual proteins or specific protein pairs (supplemental Table 2 ).
Several specific protein pairs were strongly represented in the top quartile. The pairwise distances of Cbl with CrkL and p52 Shc with p66 Shc were the most significantly enriched protein pairs in the top quartile (p Ͻ 0.005, Bonferroni-corrected), whereas the interaction of Gab1 with p52 Shc was also significantly enriched (p Ͻ 0.05, Bonferroni-corrected).
Enrichment in the bottom quartile was also calculated to identify proteins and protein pairs that rarely exhibited similar dynamics. Shp2-based interactions as a group were identified as being enriched in this quartile (p Ͻ 0.0005, Bonferroni-corrected).
To compare the global response of the network to each of the seven different growth factors, we performed ensemble clustering on the pairwise distances between proteins, as described under "Experimental Procedures." The percentage of time each growth factor clustered with another growth factor in the ensemble of clustering solutions is visualized in Fig. 8 as a heat map. The growth factors were then hierarchically clustered. As can be seen from this figure, BTC, EPG, and TGF␣ form a strong cluster (the BTC cluster) because they cluster together in every clustering solution in the ensemble. AREG and EPR form FIGURE 7 . Signaling protein response varies by growth factor dose. To quantify differences in protein response, Euclidean distances were calculated between proteins for each growth factor at both a low and high dose and visualized as a heat map. The response pattern for each growth factor at low dose is in the left column, and the response pattern for a high dose is in the right column. a second strong cluster (the AREG cluster). EGF clusters most frequently with the AREG cluster (77%) but shares some membership in the BTC cluster (23%). HB-EGF is rather unique and is far from both the BTC and AREG clusters.
Discussion
We report here on the use of luciferase fragment complementation to study the association of downstream signaling proteins with the EGF receptor. The advantages of this system include the ease of assay and the fact that it can be done in live cells with continuous monitoring. In addition, the signals generated from the eight signaling proteins examined here were robust, allowing detection of differences associated with changes in the concentration of growth factor. Finally, the approach is scalable and useful for screening applications.
Using this system, we found that all eight of the selected signaling proteins are rapidly recruited to an EGF receptorcontaining complex, with association being apparent by 30 s. The peak extent of association occurred between 5 and 7 min, depending on the pairing. This is consistent with the time course of assembly of Shc-containing complexes after stimulation of cells with EGF, as documented through quantitative mass spectrometry (27) .
In most of the pairings, the luciferase signal decreased slowly over time particularly at the higher doses of growth factor. As internalization of the EGF receptor begins almost immediately after addition of growth factor (28), it seems likely that at least part of the decrease in signal at longer times is due to internalization and degradation of the receptor and its associated signaling proteins. Nevertheless, at least some fraction of the agonist-induced increase in luciferase activity is maintained for as long as 25 min after the addition of EGF. These data imply that these signaling proteins remain associated with the EGF receptor even after it has been internalized. Thus, some aspects of signaling probably continue to occur well after the receptor has been removed from the cell surface.
Receptor internalization is unlikely to account for the decrease in peak signal observed for the recruitment of Gab1, Grb2, and Shp2 at high concentrations of all the growth factors. This decrease could reflect increased competition between signaling proteins for binding to sites on the EGF receptor when the signal is strong. It could also arise from depletion of a common pool of adapter or scaffold proteins when the stimulatory signal is maximal. Finally, it is possible that there is steric interference with luciferase complementation when the signal is strong, and Gab1, Grb2, and Shp2 bind to the EGF receptor in a multiprotein complex.
All EGF receptor/signaling protein pairs showed a dose dependence on the concentration of growth factor. However, the EC 50 for any given growth factor varied as much as 18-fold for the recruitment of different proteins. Knudsen et al. (29) reported similar differences in the EC 50 values of four EGF receptor ligands for inducing the phosphorylation of the EGF receptor and several signaling proteins. The molecular basis for this observation is not known, but it may reflect differences in the order or extent of phosphorylation of sites in response to these seven agonists (21, 30 -32) .
Surprisingly, there were significant differences in the ability of saturating concentrations of erlotinib and lapatinib to inhibit the recruitment of these signaling proteins. This is likely due to differences in residual phosphorylation of the EGF receptor. These findings clearly identify erlotinib as a more effective inhibitor of signaling in this system than lapatinib and suggest that these complementation assays may be useful for identifying residual signaling pathways that could be targeted for therapeutic benefit.
The overarching message from the principal component analysis is that there are significant differences in signaling protein recruitment depending on both ligand and dose. These variable responses likely reflect different signaling protein recruitment strategies employed by the individual ligands over their entire dose range. Although the observed differences are subtle at the level of individual proteins recruited, collectively they could readily give rise to a distinctly different biological outcome for each of the agonist ligands.
In vivo levels of EGF and other ErbB family growth factors vary widely from tissue to tissue, being low in plasma but 10 -100-fold higher in secretions such as saliva and tears (33) (34) (35) . Given the differences in network behavior identified here, our data imply that therapeutic agents that target one particular node in the signaling pathway could be efficacious in one tissue but not in another, simply because of differences in network utilization based on the identity of the stimulating growth factor and/or the dose involved. This underscores the need to understand the signaling network at all doses of growth factor, as different tissues will likely be responding to vastly different doses of EGF or other EGF receptor agonists. Because many of the experiments that have defined our understanding of this network have been carried out using high dose EGF (36 -40) , our current appreciation of the network may not reflect the actual flux through the pathways under all physiological conditions.
Ensemble clustering of the responses to the growth factors demonstrated that the seven different EGF receptor ligands basically cluster into three groups as follows: (i) BTC, TGF␣, and EPG; and (ii) EGF, AREG, and EPR. HB-EGF is distantly related to both clusters. Thus, based on their ability to recruit these signaling proteins to the EGF receptor, these ligands do not fall neatly into groups defined by high versus low affinity nor do they fall into groups based on whether they bind only to the EGF receptor or to both the EGF receptor and ErbB4 (17) . Whether there is some specific functional difference that distinguishes the two main groups of EGF receptor agonists, such as temporal or spatial differences in expression, remains to be determined.
With respect to similarities in the utilization of the network by the different growth factors, our analysis identified a strong correlation between the recruitment of Cbl and the recruitment of CrkL to the EGF receptor. As CrkL is known to bind directly to Cbl (41, 42) , the detection of a correlation between Cbl and CrkL binding to the EGF receptor suggests that the primary mechanism through which CrkL associates with the EGF receptor may be through binding to tyrosine-phosphorylated Cbl. The fact that this relationship is clearly observed in our dataset suggests that this analysis is capable of identifying inter-actions between proteins that associate within this signaling network. Viewed in this light, the significant correlation between p52 Shc and Gab1 suggests that this also represents a preferred interaction in this network. The direct binding of p52 Shc to Gab1 has been reported (43, 44) .
The finding that other canonical network interactions, such as Grb2/Shc or Grb2-Gab1, were not detected in this analysis likely reflects the complex and dynamic behavior of the network. Grb2 is an adapter protein that recruits a number of proteins, including Cbl, Gab1, and Shp2, to the EGF receptor. It can bind directly to the EGF receptor or indirectly through Shc. As a result, the interaction of Grb2 with the EGF receptor represents the summation of a multiplicity of different binding events. Variation in the dynamics of the different binding events, such as Grb2-Cbl versus Grb2-Gab1, could easily obscure any correlations between the binding of the individual partners in the protein pairs. Thus, it will be necessary to assess these interactions more directly to determine whether their association is differentially affected by the seven EGF receptor agonists.
Ultimately, we would like to be able to determine which path through the network is used to recruit a particular protein to the EGF receptor signaling complex by a particular growth factor at a particular dose. Prediction on this level is likely to require careful modeling of network behavior. To this end, these data can be used, in conjunction with other information, to build mechanistic models of the network interactions to determine the dose-dependent network paths of a given signaling protein.
